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We have developed a tunable, narrow-bandwidth nanosecond optical parametric oscillator system and applied it
to spectroscopic studies. The system consists of a narrow-bandwidth grazing-incidence oscillator and a seeded
power oscillator, generating Fourier-transform-limited 1.5-ns pulses (bandwidth ,500 MHz) in the wavelength
range 435 to 2000 nm with energy of 3.5 mJ at a pump energy of 22 mJ. Continuous scanning over 30 to
100 GHz (depending on wavelength) is demonstrated by recording of the resonance line of the Hg atom at
253.7 nm and a vibrational transition of the CO2 molecule at 1528 nm. © 2002 Optical Society of America
OCIS codes: 190.4970, 300.6210, 300.6390.An optical parametric oscillator (OPO) is an at-
tractive, highly eff icient solid-state source of co-
herent radiation tunable over a wide wavelength
range.1 Free-running OPOs, however, exhibit a
broad spectral bandwidth that is not desirable
for many applications. Several mechanisms for
reducing this bandwidth have been explored, in-
cluding injection seeding with a narrow-bandwidth
(diode) laser2,3 and the use of frequency-selective intra-
cavity elements such as etalons.4 Several successful
attempts to reduce the bandwidth of an OPO with a
grating under grazing incidence in the cavity have
been reported.5,6 However, cavity losses are high in
such a configuration, and hence the eff iciency of these
systems is low. Also, these systems exhibit strong
output power f luctuations. We have developed a
new configuration that is basically a master oscillator
power amplif ier system. The narrow-bandwidth mas-
ter oscillator is a grazing-incidence optical parametric
oscillator (GIOPO). Its output seeds the power OPO
[(POPO) see Fig. 1]. This system provides stable
output power in a single longitudinal mode (SLM)
with an overall eff iciency of 14.5%.
The OPO system is pumped with the third
harmonic of a Coherent Infinity Nd:YAG laser.
This laser delivers SLM pulses of 3-ns duration
at 355 nm at a repetition rate of 1 to 100 Hz,
with a top-hat intensity distribution in the re-
lay plane of the laser. This top-hat intensity
distribution makes the laser an excellent pump laser
for OPOs. To maintain the intensity distribution of
the laser beam, we relay image the beam into both
OPO cavities, using two telescopes. These telescopes
are also used to reduce the beam diameter of the
pump laser. The telescope for the GIOPO has a
magnification ratio of 2.75:1, and the telescope for
the POPO has a ratio of 2.2:1. Both the GIOPO and
the POPO are pumped with 11 mJ of power from the
Nd:YAG laser at 35 nm.
The GIOPO consists of two uncoated 28± type I
b-barium borate (BBO) crystals 10 mm 3 5 mm 3
5 mm in a walk-off-compensated configuration. The
pump light is coupled into the cavity via a f lat end
mirror that is highly ref lective for the signal wave.
Behind the crystals, the pump light is coupled out
through a dichroic mirror, this prevents grating0146-9592/02/161442-03$15.00/0damage by the pump light. The grating is chosen
such that only a f irst-order ref lection can occur. The
first-order ref lection is retroref lected into the cavity
by the tuning mirror. The zero-order ref lection of
the grating provides the light that is coupled out of
the cavity.7 To improve the efficiency of the GIOPO,
which is operated close to threshold, we couple the
residual pump light back into the cavity by use of a
high-ref lecting mirror, and this light is used again in
the amplification of the parametric waves.
Three sets of optics and gratings are used to
cover the wavelength range from 435 to 2000 nm. A
2400-linemm grating and a set of high ref lectors is
used to oscillate signal waves from 465 to 600 nm,
with corresponding idler waves in the range 1500 to
1000 nm, and an 1800-linemm device with a second
set of high ref lectors covers the signal wavelength
range from 600 to 710 nm, with corresponding idler
waves ranging from 1000 to 710 nm. The remaining
wavelengths, signal waves from 430 to 465 nm and
idler waves from 1500 to 2000 nm, are generated
by means of resonating the idler wave in the cavity.
The ref lection efficiency of an infrared-ref lecting
750-linemm grating under grazing-incidence angle
is much higher than the ref lection of blue light on
a 3600-linemm grating in the same configuration.
Since a grating under grazing incidence has low
ref lection eff iciency ,3%,8 one must operate the
GIOPO close to threshold to avoid damage of the BBO
Fig. 1. Experimental setup: M’s, high-ref lecting mirrors
for 355 nm; M1s, mirrors that are highly ref lecting for
355 nm and highly transmissive for signal and idler waves;
CMs, cavity mirrors, highly ref lecting for signal or idler
waves and highly transmissive for 355 nm; BMs, bending
mirrors, high ref lecting for signal or idler waves; BS, 50%
beam splitter for 355 nm.© 2002 Optical Society of America
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results in low power output and strong intensity
f luctuations. The oscillation threshold of the GIOPO
is 8 mJ. The GIOPO delivers 100-mJ pulses of 1.5 ns
at 11-mJ pump power. These pulses are further
amplified in the POPO. For single-mode operation,
the cavity length can be changed by application of
a voltage to the piezo on which the end mirror is
mounted. Scanning can be achieved by a change
in the angle of the tuning mirror with respect to
the grating. For this purpose, the tuning mirror is
also mounted on a piezo crystal. The scan range is
limited to 100 GHz by the maximum expansion of the
tuning mirror piezo. For scans of moderate length
,100 GHz, the phase-matching angle of the crystals
does not have to be adjusted.
The POPO consists of a BBO crystal (cut at an angle
of less than 28± for type I phase matching), 12 mm 3
7 mm3 7 mm in size, placed between an input coupler
(R  95% for signal wavelength, highly transparent
for pump and idler waves) and an output coupler
(R  70% for signal wavelength, highly transparent
for pump and idler waves). The cavity length is mini-
mized to 2.5 cm, which corresponds to a free spectral
range of 6 GHz. This cavity length is necessary to
obtain as many round trips as possible during the
temporal width of the pump pulse and thus drive the
POPO into saturation. This saturation results in
stable output power. Moreover, when the mode spac-
ing in the cavity of the amplifier is large, it is easier
to maintain single-mode operation. An advantage of
the power oscillator is that it acts as a spectral filter
as well, since its free spectral range differs from that
of the GIOPO. The GIOPO has a free spectral range
of 1.9 GHz, so if multimode operation occurs, the side
modes are separated by 1.9 GHz from the main mode.
If the POPO is locked on the main mode of the GIOPO,
these side modes do not fit into the POPO cavity and
will not be amplif ied (see Fig. 2). The POPO delivers
3-mJ output pulses of 1.5 ns at a pump energy of
11 mJ (efficiency 27%).
Seeding is most efficient when the seed pulse
reaches the POPO slightly before the pump pulse.
The pump pulse to the POPO is delayed by 1 ns with
respect to the seed pulse generated in the GIOPO.
The cavity length of the POPO is adjusted with a piezo-
electric transducer so that the mode of the GIOPO
fits inside the POPO cavity. Hence, the POPO
will oscillate on exactly the same wavelength as the
GIOPO. The distance between the two oscillators is
chosen to be longer than the length of the generated
pulse, so that the light generated in the POPO does
not disturb the single-mode operation of the GIOPO.
The spectral structure and the relative frequency of
the GIOPO and POPO are monitored on a home-built
spectrum analyzer that consists of a CCD camera
(Pulnix TM6AS) mounted behind a 9-GHz air-spaced
Fabry–Perot interferometer. In Fig. 2, typical frame-
grabber pictures of the mode structure of the GIOPO
and the POPO are shown. Single-mode operation of
the GIOPO–POPO combination is controlled by this
spectrum analyzer and a feedback program written in
a combination of the C11 and Labview languages.When the GIOPO is well aligned, it runs more or less
in single mode (#2 small side modes) and the software
determines the positions of the peaks of the spectrum
analyzer and the center of mass of the peaks belong-
ing to one etalon order. Next, the positions of the side
peaks are determined. A suitable voltage for the piezo
mounted on the end mirror is calculated to change the
cavity length to suppress these side modes. Then, the
length of the POPO cavity is adjusted as well so that
the mode of the GIOPO matches this length precisely.
The spectrum analyzer fringes of the POPO will show
up at the same position as those of the GIOPO. Under
this condition, the seeding will work efficiently, and the
POPO will oscillate on a SLM. However, it is essen-
tial that the alignment of the POPO with respect to the
spatial distribution of the seed beam and the generated
beam is perfect, otherwise single-mode operation can-
not be achieved.
The absolute wavelength of the POPO is measured
by a wavelength meter (type ATOS Lambdame-
ter LM-007). This wavelength meter consists of
a temperature-stabilized monolithic quartz block
containing four neon-filled Fizeau interferometers
with different free spectral ranges. This system can
measure wavelengths from 400 to 1100 nm with an
accuracy of 0.003 cm21. A small fraction (1%) of the
light from the GIOPO and the POPO is coupled into
single-mode fibers and used for analysis. The light
from the POPO is split into two parts, one part for the
spectrum analyzer and the other part for the Lamb-
dameter to measure the wavelength of the device.
When the measured wavelength is different from
the lock wavelength, software calculates the desired
shift in the positions of the spectrum analyzer fringes
(of the GIOPO and the POPO). From this shift the
applied voltage to the different piezos is subsequently
calculated. Scanning of the device is achieved in a
similar way: The lock wavelength is now shifted step
by step under computer control. The wavelength and
the Fabry–Perot spectra can be measured only in the
visible region because of the coupling f iber used and
the etalon coating. To determine the infrared idler
wavelengths generated in the OPOs, the software
Fig. 2. Fabry–Perot spectra of (a) GIOPO and (b) POPO.
The Fabry–Perot interferometer has a free spectral range
of 9 GHz and a finesse of 20. The FWHM of the POPO is
500 MHz.
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Fig. 4. Cavity ringdown measurement of the
6543.952-cm21 transition of CO2.
calculates the wavelength of the infrared idler wave
from a measurement of the signal wavelength and
the wavelength of the second harmonic of the pump
laser. From these measurements the wavelength of
the third harmonic (the pump wavelength) follows,
as does the idler wavelength. The system has high
intrinsic stability; without active stabilization the
GIOPO–POPO system is single mode for minutes,
and the actively stabilized system is single mode and
drifts no more than 200 MHz for hours.
The output wavelength range of the system can
be further expanded by second-harmonic generation.
By collimation of the POPO output into two BBO
crystals cut at an angle of less than 55± in a walk-off-
compensated setup, for example, 750-mJ ultraviolet
light was generated with 3.2 mJ at 474 nm.
This OPO device is a versatile tool for spectroscopic
experiments because of its wide wavelength tuning
range and narrow bandwidth. This versatility is
demonstrated here with two different types of experi-
ment. First, the resonance transition of the Hg atom
at 253.7 nm was measured. For the transition from
the ground state to the f irst excited state, the output
of the POPO oscillating at 507 nm was frequency
doubled, generating wavelengths near 253.7 nm. The
Hg was heated in a cell to a pressure of 200 mTorr.A direct absorption experiment was performed. The
length of the optical path through the vapor is 1 m.
The absorption and intensity f luctuations were mea-
sured with two identical photodiodes. The OPO
system was scanned over 40 GHz. In Fig. 3, a mea-
sured spectrum is shown, and the absorption peaks
for the different Hg isotopes are clearly resolved.
To test the capabilities of the OPO device for scan-
ning in the infrared wavelength range, we performed
a cavity ringdown absorption experiment9,10 on CO2 at
1528 nm. The cavity mirrors used for this experiment
have a radius of curvature of 1 m and a ref lectivity of
99.99%. The cavity decay transient was detected by
a high-speed InGaAs photodiode with a spectral re-
sponse in the range 800–1800 nm and a rise–fall time
of 5 ns. The decay time of the empty cavity was mea-
sured to be 7.5 ms. In Fig. 4, a CO2 absorption line
at 6543.952 cm21 is shown; the line was measured at
a pressure of 76.1 Torr in the cavity. The absorption
cross section of this line is 0.24 3 1026 atm21 cm22.
On the left-hand side of Fig. 4 another transition (at
6544.075 cm21) is visible; this line has a strength of
0.15 3 1026 atm21 cm22.
In conclusion, we have demonstrated an eff icient
tunable SLM OPO system that can be electronically
scanned over 2.5 cm21. We can expand this scanning
range by mounting the tuning mirror on a piezo stack
with a larger expansion or by the use of a picomotor.
This device is, as demonstrated, widely applicable in
spectroscopy. However, the use of a SLM pump laser
is a prerequisite for SLM operation of the OPO system.
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